Cellulose is a major component of plant cell walls, but identification of the enzymes that synthesize it has proven difficult. Now, however, several candidate proteins with sequence homology to bacterial cellulose synthases have been identified by partial sequencing of anonymous cDNA clones from cotton fibers.
Cell walls are of interest to plant biochemists and cell biologists for two main reasons: they regulate cellular morphogenesis and act as structural support materials. As it is a major component of plant cell walls and a natural product of considerable commercial value, cellulose has long been a focus of interest in cell-wall biology, although it is far from the only constituent of cell walls. During the last several decades, extensive investigations of the organization and structure of plant cell-wall polysaccharides by a variety of microscopic and analytical methods have provided ample evidence that cell walls are chemically complex, dynamic structures. These studies have, however, provided little insight into how the walls are constructed or the functional significance of the various components. It has been estimated that several hundred enzymes are required to synthesize the major cell-wall polysaccharides [1] . Despite widespread interest, not a single gene directly required for the biosynthesis of any plant cell-wall polysaccharide has been unequivocally identified. Thus, the recent identification of candidate genes for cellulose synthase from cotton by Pear et al. [2] represents a major step forward in the field of cell-wall biology.
Cellulose, a linear polymer of ␤-1,4-linked glucose molecules, is an important component of the walls laid down both during cell growth (primary walls) and after cell growth (secondary walls). During cellulose biosynthesis, separate ␤-1,4-glucan chains are synthesized and immediately hydrogen bond with one another to form rigid crystalline arrays termed microfibrils (see Fig. 1 ). The microfibrils in primary and secondary walls can have widely differing numbers of ␤-1,4-glucan chains: the smallest microfibrils are in primary cell walls, where around 36 chains associate to form an 'elementary' microfibril; the secondary cell walls of some algae contain large cellulose microfibrils constructed from as many as 1 200 ␤-1,4-glucan chains [3] .
Electron microscopic evidence suggests that cellulose is synthesized at the plasma membrane by a membraneassociated enzyme complex. Plasma-membrane particles, 20 nm in diameter and designated 'rosettes', have been observed in numerous freeze-fracture studies of plant membranes, and appear to be associated with the ends of microfibrils. The spacing between rosettes in the plasma membrane and microfibrils in the cell wall is highly correlated, supporting the notion that rosettes are the sites of cellulose biosynthesis [4] . It has been proposed that each rosette is a hexameric complex of enzymes which collectively produce the 36 ␤-1,4-glucan chains thought to comprise an elementary microfibril. The diversity of microfibril sizes observed in different species may be accounted for by the clustering of rosettes, which would lead to aggregation of elementary microfibrils into larger, secondary microfibrils [5] .
The rigidity of non-woody plant tissues is due to osmotically induced turgor pressure that forces the plasma membrane against the cell wall. Growing cells yield to this pressure by undergoing controlled expansion. Because turgor pressure is generally constant during cell elongation, the organization and elasticity of the cell wall constrain the direction and rate of cell growth. Spherical cells have their cell-wall polymers oriented randomly over their cell surface; conversely, in elongated cells, cell-wall polymers are oriented primarily perpendicular to the axis of elongation (Fig. 2) [6] . It is thought that, in elongating cells, the cell wall acts analogously to barrel hoops, reinforcing lateral cell walls and directing growth perpendicular to the reinforcing hoops.
Are the patterns of cell-wall organization observed in differently shaped cells correlates of their cellular morphology or the cause? Treatment of actively elongating cells with agents that disrupt cell-wall biosynthesis alters their growth anisotropy and causes them to swell, growing evenly in all directions. Additionally, randomizing cellwall deposition in elongating cells (by treating them with microtubule-depolymerizing agents) disrupts their elongation and triggers spherical growth [7] . Thus, the cell wall is thought to be an important regulator of cell shape. Once cell growth has ceased, secondary walls -also largely composed of cellulose -are constructed. Secondary walls provide additional structural support and serve as conduits for water and nutrient transport. It is primarily these cell walls that are exploited as lumber, fuel and fodder, and for the production of fibers such as paper and cotton.
Because of the importance of cellulose in determining many properties of primary and secondary walls, many laboratories have attempted to purify cellulose synthase, but the enzyme has not been characterized to any extent because it loses activity when cells are disrupted. This could reflect the loss, by dilution, of a critical cofactor, disruption of an enzyme complex, loss of membrane potential or a host of other possibilities. After many unsuccessful attempts to purify cellulose synthase from plant sources, efforts were directed towards understanding cellulose biosynthesis in several cellulose-synthesizing species of bacteria. Bacteria do not use cellulose as a cellwall component; instead they produce it as an extracellular ribbon that facilitates adhesion to other cells. Using the bacterium Acetobacter xylinum, cell-free extracts capable of synthesizing cellulose were made as early as the 1950s [8] . Fractionation of the cellulose-synthesizing components was not possible in early experiments because of the low levels of recoverable activity. But following the discovery that a novel regulator, cyclic-di-GMP [9] , is required as an activator of Acetobacter cellulose synthase, the enzyme was purified to homogeneity. The catalytic subunit of Acetobacter cellulose synthase, AcsA, was defined biochemically by its presence in purified cellulose-synthesizing fractions and its ability to bind the substrate of cellulose biosynthesis, UDP-glucose [10] .
Attempts to use antibodies or nucleic acid hybridization probes based on the bacterial cellulose synthase genes failed to identify corresponding plant proteins or genes. To bypass these difficulties, Pear et al. [2] exploited the fact that computer comparisons of predicted protein sequences ('in silico hybridization') can detect similarities between distantly related proteins with much higher sensitivity than 'wet' hybridization experiments. In an effort to find plant homologs of bacterial cellulose synthase, Pear et al. [2] carried out an in silico analysis of 250 anonymous cDNAs from a cotton-fiber cDNA library. Cotton fibers were chosen for the experiment because they synthesize large amounts of relatively pure cellulose during the later stages of their development. Pear et al. [2] identified two cotton cDNAs, designated CelA1 and CelA2, encoding proteins with around 30 % sequence similarity to the Acetobacter cellulose synthase. The genes are each predicted to encode polypeptides of 110 kDa with eight putative membrane-spanning helices. Importantly, several residues that are predicted to be important in catalyzing the formation of ␤-glycosidic linkages are conserved between the predicted products of the AcsA and CelA genes. Both CelA1 and CelA2 are expressed abundantly and specifically at the onset of secondary cell wall cellulose synthesis in cotton fibers. Additionally, a protein fragment that was produced by expressing CelA1 in Escherichia coli binds UDP-glucose in vitro. This binding is inhibited by calcium ions and is dependent on a region of the CelA1 protein predicted to contain a UDP-glucosebinding domain.
Thus, plants contain homologs of bacterial cellulose synthases. The homologs are expressed at the right time to be cellulose synthases and they bind the presumed substrate of the enzyme. Is the case therefore closed? Probably, but as the evidence is circumstantial, there are caveats. In particular, the results of Pear et al. [2] are theoretically compatible with their having isolated another enzyme, such as callose synthase. Callose forms only a small percentage of cotton-fiber dry weight, but callose accumulation during fiber development is coincident with the onset of secondary cell-wall cellulose synthesis [11] . In addition, callose synthase uses the same substrate as cellulose synthase, namely UDP-glucose. Pear et al. [2] argue that this scenario is unlikely as callose synthase is stimulated by calcium in vitro; if one or both of the CelA genes is callose synthase, it would seem peculiar that the substratebinding properties are at variance with the conditions optimal for activity.
We are intrigued by the observation that the cotton CelA gene family is not the only group of higher plant genes that encode proteins with similarity to bacterial cellulose synthases. Using an approach similar to that of Pear et al. What functions do these large numbers of cellulose synthase homologs perform in higher plants? Perhaps the simplest hypothesis is that they represent genes involved in cell-type-specific cellulose synthesis. Additionally, we speculate that some of them may function as different types of ␤-1,4-glucan synthase. The ␤-1,4-glucose linkage found in cellulose is also present in another cell-wall polysaccharide, xyloglucan. The backbone of xyloglucan is the same as that of cellulose, but in this case it is decorated by other sugar moieties. Perhaps members of one of the presumptive large gene families have been recruited to synthesize the ␤-1,4-glucan backbone of xyloglucan. Another possibility is that some of the family members have been co-opted to function in the biosynthesis of other cell-wall polysaccharides that are not based on ␤-1,4-glucan. It has been observed that the product of the Acetobacter AcsA gene shares a common domain structure with a group of bacterial and eukaryotic proteins that function in the synthesis of diverse ␤-linked polysaccharides [13] . The sugars incorporated into polysaccharides by this family include glucuronic acid, N-acetyl glucosamine, mannuronic acid and glucose. As numerous plant cell-wall polysaccharides (such as xylan, xyloglucan, callose, galactans and mannans) are constructed with ␤-glycosidic linkages, it is possible that members of the cellulose synthase gene families function in the synthesis of these polysaccharides.
The identification of plant cellulose synthase homologs therefore opens an exciting new chapter in the field of plant cell-wall biosynthesis. The future lies in assigning precise biochemical functions to these homologs and exploiting this information to unravel the mechanisms by which plants construct their cell walls.
